Lignin provides structural support, a mechanical barrier against microbial infestation and facilitates movement of water inside plant systems. It is the second most abundant natural polymer in the terrestrial environments and possesses unique routes for the production of bulk and specialty chemicals with aromatic/phenolic skeletons. The commercial applications of lignin are limited and it is often recognized for its negative impact on the biochemical conversion of lignocellulosic biomass to fuels and chemicals. Understanding of the structure of lignin monomers and their interactions among themselves, as well as with carbohydrate polymers in biomass, is vital for the development of innovative biomass deconstruction processes and thereby valorization of all biopolymers of lignocellulosic residues, including lignin. In this paper, we review the major energy crops and their lignin structure, as well as the recent developments in biomass lignin characterization, with special focus on 1D and 2D Nuclear Magnetic Resonance (NMR) techniques.
Introduction:
Lignin is the second most abundant natural polymer in the terrestrial environment [1, 2] . It provides structural support, and a mechanical barrier against microbial infestation. Lignins accelerate water movement within plant systems [3] . However, the lignins of bioenergy crops are often recognized for their negative impact in the biochemical conversion of lignocellulosic biomass to fuels and chemicals. Current biorefineries focus primarily on the cellulose and hemicellulose-derived sugars using energy-intensive pretreatment methods to remove lignins [4] . Such extremely severe pretreatment processes lead to considerable modification of the native lignin structure and, therefore, loss of potential for economic value-addition of the lignin. The extracted lignin stream is usually treated as low-value byproducts and burned as fuel, despite its great number of potential applications [5] .
The unique structure and composition along with abundant availability of lignin presents opportunities for the production of bulk and specialty chemicals. Lignin is the only viable renewable resource with an aromatic/phenolic skeleton for the production of high value aromatic compounds, including benzene, xylene, and cyclohexane, among many others. In addition, lignin is envisioned as a potential resource for the production of high value macromolecules, such as carbon fibers, polymer modifiers, adhesives, and resins [5, 6] . Similarly, other products derived from lignin include mixed alcohols, dimethyl ether, green diesel, bio-oil, and naphthenic/aromatic/oxygenated fuel additives [5] .
The major roadblock to utilize biomass lignin for high-value application is the recovery of a high quality lignin stream during biochemical conversion of lignocellulosic biomass [5] . The heterogeneous structure of lignin [5] , as well as variation in its composition between plant species [7] and environmental conditions [8] further complicate the process. Effectiveness of the pretreatment process depends on both amount and structural composition of lignin in the feedstock [10] [11] [12] . Therefore, a comprehensive understanding of lignin and evaluation of its structural changes during pretreatment processes is critical for mapping out potential conversion processes for the commercial viability of biorefineries due to additional benefits from ligninbased high value co-products [12] .
The analytical methods for the characterization of lignin are broadly classified as destructive and nondestructive methods. The most common destructive methods include derivatization followed by reductive cleavage (DFRC), thioacidolysis, and nitrobenzene oxidation. The nondestructive methods include UV spectroscopy, Interference microscopy, Fourier Transform Infra-Red (FTIR) spectroscopy, Raman spectroscopy, and Nuclear Magnetic Resonance (NMR) techniques [12] . Among these methods, twodimensional (2D) NMR spectroscopy is the most powerful tool for complete characterization of lignin biomass [9, 12] . The inverse detection NMR techniques, such as two-dimensional heteronuclear single quantum coherence ( 13 C-1 H 2D-HSQC) spectroscopy further The objective of this paper is to present an up-to-date compendium of the published literature on major energy crops and their lignin structure, as well as the recent development in analytical methods for the characterization of lignin, with special focus on Nuclear Magnetic Resonance (NMR) techniques. We hope that the paper will be a milestone for future research to evaluate structural changes of lignin in bioenergy plants during pretreatment, and thereby to develop an innovative biomass pretreatment method for the valorization of all biopolymers of lignocellulosic residues, including lignin.
Energy crops:
It is projected that the future demand for biomass will be significantly increased because of global focus on bioeconomy. Therefore, availability of energy crops to meet the demand as well as their implications on soil and environment is gaining an unprecedented interest globally [13] . At present, the lignocellulosic feedstock for the production of biofuels and biobased chemicals is mainly derived from crop residues, such as corn stover and wheat straw. However, excessive removal of crop residues can adversely affect soil quality, including soil organic carbon (SOC) pools, water transmission characteristics, soil structural stability and soil microbial activity [14] . Moreover, intensive fertilizer inputs into the farming of these crops lead to increase in emissions of nitrous oxide (N 2 O), a potent greenhouse gas (GHG) [15] . Nitrous oxide and methane have 298 and 25 times, respectively, more potential than carbon dioxide (CO 2 ) for global warming [16] . Therefore, all of these gases must be taken into consideration while evaluating the effect of bioenergy in climate change. In contrast, the dedicated energy crops, including perennial warm-seasons grasses (WSGs) and short-rotation woody crops, (SRWCs) possess a number of benefits over annual crop residues to reduce adverse effects on soil quality and environment. Therefore, these crops could be sustainable alternatives of lignocellulosic feedstock for energy industries in the long run [13] . The WSGs such as switchgrass (Panicum virgatum), miscanthus (Miscanthus spp.) and big bluestem (Andropogon gerardii), and SRWC such as poplar (Populus species), eucalyptus (Eucalyptus species) and willow (Salix species) need low-maintenance, reduce net GHGs emissions, grow rapidly and present high mass yields, reduce water and wind erosion, and sequester SOC. These plants emit much less N 2 O as compared with annual crops due to lower requirement for nitrogen fertilizer. Moreover, the dedicated bioenergy crops can grow in marginal, degraded, and abandoned lands to avoid competition for land for prime agricultural crops [13, 14, 16] .
Millions of hectares of potential arable land are available in sub-Saharan Africa, South and Central America, and many other parts of the world which are not presently under cultivation. These lands could be used for the production of dedicated bioenergy crops [15] . We also need to rethink the concept of marginal land for the cultivation of dedicated energy crops; the marginal land is not only the area with low soil fertility for grain production, but also the arable land not suitable for food and fodder production due to safety reasons. For example, land near industrial plants, high traffic highways and municipal waste dumping areas could be very fertile for plant growth, but food and fodder cannot be grown in these lands; plantations of appropriate dedicated energy crops could possibly be the best option. Therefore, appropriate regulatory guidelines must be set up for crop rotations and straw cutting height for annual crops, and the plantation of dedicated energy crops must be promoted simultaneously in appropriate lands to ensure soil quality and environmental conditions. If these strategies are effectively implemented, bioenergy production will be seen as complementary to food and feed production by resolving the widespread fear of food and fuel conflict [15, 17] . However, indepth localized research work is needed for the selection of appropriate plant species for agronomic management practices that maximize yields and at the same time reduce the pretreatment and other bioprocessing costs [18] .
Lignin biosynthesis and structure:
Unlike hemicellulose and cellulose, lignin lacks stereo-regularity [19, 20] . It is a heterogeneous polyphenolic biopolymer of plant cell walls formed by the radical polymerization of three p-hydroxycinnamyl alcohol precursors, called monolignols, and related compounds [2, 9, 20] . Three monolignols are p-coumaryl (4-hydroxycinnamyl) alcohol (1), coniferyl (4-hydroxy-3-methoxycinnamyl) alcohol (2), and sinapyl (3,5-dimethoxy-4-hydroxycinnamyl) alcohol (3). These monolignols give rise to p-hydroxyphenyl (H) lignin units (4), guiacyl (G) lignin units (5) and syringyl (S) lignin units (6), respectively, (Figure 1 ), linked by several types of carbon-carbon or ether bonds [2, 21] . Monolignols biosynthesis consists of several intermediate metabolisms through a long sequence of reactions. Broadly, the whole biosynthesis process is divided into three pathways that occur one after another, as shown in Scheme 1.
a. Shikimate pathway: produce phenylalanine starting from phosphoenolpyruvate and erythrose 4-phosphate. b. Phenylpropanoid pathway: series of metabolic reactions to convert phenylalanine to cinnamoyl CoAs, the precursors of phenolic compounds. c. Monolignol specific pathway: series of metabolic reactions to convert cinnamoyl CoAs to different monolignols [22, 23] .
Significant improvement has been achieved to understand the lignin chemistry and biosynthesis. However, characterization of many enzymes and reactions in the lignin biosynthetic pathway is still not completed and new discoveries are still ongoing, indicating the need of revision of current lignin biosynthesis pathway models [23, 24] .
In addition to H, S and G monolignol units, grass lignin structure also contains the p-hydroxycinnamates: p-coumarates (7) and ferulates (8) ( Figure 2 ). Most of the p-coumarates are acylated at the γ-position of the lignin side chain, whereas ferulates acylate cell wall polysaccharides and participate in both polysaccharide−polysaccharide and lignin−polysaccharide crosscoupling reactions [21] . Similarly, the monolignols, especially Sunits, are also acylated up to 60% in non-woody lignins (9) [2, 21] . After the biosynthesis of the monolignols, they are transported to the cell wall; the mechanism of transport is still not clearly understood. Then, the lignin polymerization occurs via oxidative radical coupling between two phenoxy radicals at specific positions, corresponding to their resonant forms leading to different ether and carbon-carbon linkages. The major inter-unit linkages of lignin monomers are β-O-4: arylglycerol-β-ether dimer (10, 11), β-5: phenylcoumaran (12), β-β': resinols (13), (α, β)-diaryl ether (14), 5-5'/4-O-β': dibenzodioxin (15) and β-1': spirodienone (16) , as shown in Figure 3 [2, 25] . Finally, the lignin deposition takes place, especially during secondary thickening of the cell wall. There are three layers in the secondary cell wall: outer, middle and inner layers. In general, the majority of the lignins deposit on the secondary cell wall after cellulose and hemicellulose deposition in the inner layer [8] . The lignin monomers form covalent linkages with xylose molecules of the hemicellulose polymer; there are three possible linkages between lignin and hemicellulose: ester (17), ether (18) and glycosidic (19) , as shown in Figure 4 [26].
Some major bioenergy crops and their lignin structure:
The total lignin content and proportion of various monomer units of lignin in cell walls vary among plant species, as well as due to the environmental conditions where the plants are grown [7, 8, 27] . Typically, softwood, hardwood and grasses contain 27 -33%, 18 -25% and 17 -24% lignin (on dry weight basis), respectively [28a] . The hardwood lignin contains S and G units in various proportions, softwood lignins contain mainly G units with small amount of H units, and grass lignin contains all three units [21] . The H units in grasses are the lowest among the three lignin units, but their proportion is much higher than in hardwood and softwood [28b].
Here we briefly discuss the three types of bioenergy crops: annual crops (wheat straw and corn stover), perennial warm-season grasses (switchgrass and miscanthus), and short-rotation woody crops (poplar) and their lignin structure.
(a) Wheat straw:
Wheat straw is one of the most widely available and relatively inexpensive feedstocks for advanced biofuels and biochemical production [28c]. Wheat is cultivated in more than 115 countries and it is one of the world's major crops. China is the worlds' largest wheat producer with 18% of the total global production; however, Ireland has the highest yield of wheat production, 7.7 million kg per hectare [29] . It is estimated that 1.3 to 1.4 kg wheat straw is produced per kg wheat grain [21] , therefore, an annual production of around 680 billion kg wheat (an estimation in 2011) would make available more than 900 billion kg wheat straw each year. A large portion of the wheat straw produced annually is inefficiently utilized by burning [21] , leading to the production of notorious gases like CO and N 2 O in air [13] . Depending on the soil quality and crop rotation, a fraction of the wheat straw must be left on the field to maintain soil organic matter [29] . According to an estimate, at least 430 billion kg wheat straw is globally available each year for biofuels and chemicals production that can produce about 120 billion liters of bioethanol plus 698x10 15 J steam by burning the residual material [28c]; higher value application of lignin residues would be an additional benefit. Similar to other grasses lignin, wheat straw lignin also contains all three types of monolignol units (H, G and S) in significant amounts; however, the proportions of these subunits are reported differently in various publications [21, 30] . The recent report by Del Rio et al. [21] seems relatively more accurate because they investigated the lignin structure by a combination of various analytical techniques and resolved a number of interfering and unassigned signals due to various compounds, including p-hydroxycinnamates (p-coumarates and ferulates) and the flavone tricin. The authors reported a strong predominance of G unit; the ratio of H, G and S was 6:64:30. Wheat straw lignin is partially acylated (about 10%) at the γ-position of the side chain carbon, predominately with acetate and very rarely with p-coumarate. In contrast to other grasses in which acylation has been found mainly in the S unit of lignin, the acylation of wheat straw lignin was much higher in the G unit (12%) than the S unit (1%) [21, 30] . The main inter-unit linkage of wheat straw lignin is β-O-4' ether linkages (about 75%), followed by pheylcoumarans (about 11%) and very small amount of other linkages, including resinols, dibenzodioxoncins, α, β-daryl ether, and spirodienones [21, 31a] . Del Rio et al. [21] also reported for the first time that the flavone tricin is present in wheat straw lignin; it is etherified with G units of the lignin. Zeng et al.
[31b] reported up to 8.0 units of tricin in wheat straw lignin per aromatic ring.
(b) Corn stover:
Corn stover is one of the major agricultural residues for biofuels and biochemical production. About 520 billion Kg of dry corn is produced each year globally; the USA alone produces 40% of it. Assuming 1 kg corn stover per kg of corn grain (on dry basis) and that 60% of the corn stover must be left on the field to maintain soil organic matter, more than 200 billion Kg dry corn stover is available per year globally for bio-based chemicals production [29] .
Corn stover lignin contains all three types of monolignol units, as well as significant amounts of p-coumarate and ferulate. The β-O-4' is the major inter-unit linkages, followed by β-5', β-β' and β-1' linkages [32-34b] . Li et al. [32] reported a S/G ratio of 1.31 for hybrid corn stover, whereas it was only 0.24 for inbred brown midrib corn stover. Min et al.
[34b] most recently used 2D 1 H-13 C HSQC NMR and alkaline nitrobenzene oxidation to characterize corn stover lignin. They reported that various fractions of the plants, including stem, cob and leaf, significantly varied in proportion of monolignol units; however, the proportion of inter-unit linkages was reported to be fairly similar. The ratio of S:G:H was 13:10:2, 15:10:5 and 7:10:3 in stem, cob and leaf, respectively. The interunit linkages β -O-4', β-5', β-β' and β-1' formed 60%, 27%, 10%, and 3%, respectively in the stem. The percentages of these linkages were very similar in cob and leaf. p-Coumarate and ferulate were reported significantly lower in leaf than in stem and cobs; 8%, 9% and 3% of total lignin in stem, cob and leaf, respectively [34b].
(c) Switchgrass: Switchgrass (Panicum virgatum L.) is a warmseason perennial C 4 grass found throughout North America and Europe. It is considered as one of the potential dedicated energy crops because of its number of desirable characteristics: high productivity (13.5 to 17.9 Mg ha -1 ), low nutrient requirements, efficient water utilization, excellent resistance to pests and diseases, low production cost and adaption to marginal lands. The extensive root system of switchgrass also helps reduce soil erosion and increase sequestration of soil organic carbon [35a-36a] . Switchgrass removes nitrogen and phosphorus from agricultural runoff. It can be used for surface water quality improvement as well [35a, 36b] . Hu et al.
[36c] found that the S/G ratio in lignin from four different populations of switchgrass (Alamo, Kanlow, GA992 and GA993) was comparable; but it varied significantly among leaves, internodes and nodes of the plant. The average S/G ratio was 0.68, 0.60 and 0.46 in internodes, nodes and leaves, respectively; the average value for the whole plant was 0.52. The population GA992 is an intercross between Alamo and Kanlow, and the population GA993 (e) Poplar: The genus Populus, a native to the northern hemisphere, comprises up to 35 species with considerable genetic diversity within the genus. The genus has a number of common names, such as poplar, cottonwood and aspen. The hybrid poplars are the fastestgrowing plants in North America and hence considered as a potential feedstock for the production of biofuels, pulp and paper, as well as a number of other bio-based products. These are classified as short-rotation woody crops and cultivated in economically marginal croplands. The breeding to produce hybrid poplars generally focuses on five species: Populus balsamifera (balsam poplar), P. deltoids (eastern cottonwood), P. trichocarpa (western black cottonwood), P. nigra (European black poplar) and P. maximowiczii (Asian black poplar); the first three species are native to North America. The productivity of hybrid poplar is estimated to be 14 Mg ha -1 year -1 , which is comparable with the productivity of swithchgrass, but higher than corn stover (8. Major energy crops and their lignin structure Natural Product Communications Vol. 10 (1) 2015 205
A brief history on lignin chemistry and technology: Anselme
Payen, a chemical manufacturer in France, first discovered cellulose and lignin in 1838 as separate components of wood [41] . Thousands of scientific papers and patents, and hundreds of books have been published concerning the chemistry of lignin to date. Several analytical techniques have been developed to characterize lignin biomass. Extensive investigation was performed concerning the structure and properties of wood lignin in the 20 th century due to rapid development of paper production from wood. Since the early 1990s, investigation of the lignin of herbaceous crops has also increased dramatically due to the growing interest in biofuel and biobased chemicals from lignocellulosic residues [2, 30] .
McCarthy and Islam [41] divided the history of the development of scientific literature and technology in lignin into seven arbitrary periods starting from its discovery in 1838 to 1998. 1838 to 1874: The existence of lignin in biomass was established and the sulfite-pulping process was developed and patented for the production of cellulose fibers from wood by dissolving lignin in hot aqueous sulfurous acid solution. The aromatic nature of lignin was assumed from the research during this period [41] . 1875 to1899: Based on the elemental analysis at that time, the structure of lignin was assumed to be related to coniferyl aldehyde. The Kraft pulping process was developed and patented for delignification of wood using a hot aqueous solution of sodium hydroxide and sodium sulfide [41] . 1900 to 1924: Lignin structural studies were undertaken extensively. Elemental and functional group (C, H, O and OCH 3) analysis of lignin showed that it is made up of coniferyl alcohol type units bonded together by ester linkages. An analytical method to determine Klason lignin was developed during this time. Industrial application of sulfite and Kraft pulping processes were started [41] . Two ethanol plants were established during World War I that used wood saccharification. The ethanol yield of these plants was up to 20 gallons per ton dry sawdust; however, these plants were not financially successful and closed after a few years [42] . 1925 to 1949: Substantial results were evidenced to confirm the aromatic nature as well as the phenylpropane skeleton of lignin. The research areas were expanded to biosynthesis and biodegradation studies on lignin; preparation of synthetic lignins in vitro was also initiated [41] . 1950 to 1974: New analytical tools and procedures like acidolysis, mild hydrolysis, and permanganate oxidation were developed and several existing methodologies were improved to understand the linkages between lignin units and, thereby, lignin structure. Spectroscopy procedures (like UV absorbance) were popular during the 1950s for lignin analysis. The thioacidolysis procedure developed during the 1960s also helped to identify further the lignin structure. Industrial production of lignin products was initiated during this time [41] . Characterization of lignin using 1D 1 H NMR and 13 C NMR was initiated in 1964 and 1974, respectively [41, 43-44c] .
1975 to 1989: During this period, studies on lignin structure were continued to confirm the earlier accepted concepts. NMR spectroscopy was extensively used in this regards; 19 F-NMR and 31 P-NMR studies were also initiated to investigate and confirm lignin structure. Delignification and bleaching technology significantly improved; anthraquinone was started to be added to improve the alkaline pulping process. Significant research focus was given to find new uses of industrial lignin [41, 45] . 1990 to 1998: Significant advances were made during this time in lignin chemistry and biosynthesis. Several studies in this field evidenced that lignin formation is a defined ordered process rather than a random one. Gene manipulation became possible giving rise to engineered plants with reduced lignin content to increase cellulose content [41] .
Recent development in lignin biomass characterization by 1D
and 2D NMR spectroscopy: Over the last two decades, several analytical techniques have been advanced for the characterization of lignin chemically and structurally, including its functional groups, monolignol ratio and inter-unit linkages [9, 12, 44c, 46, 47] . Recently characterization of lignin by analyzing its molecular fragments after selective chemical treatment in destructive methods have been displaced and/or supplemented by nondestructive methods [9, 46] . Nuclear magnetic resonance (NMR) spectroscopy has been widely used as a non-destructive technique in structural characterization as well as in the study of the structural transformation of lignin polymers. This methodology has provided structural and quantitative analysis of the sub-structural motifs within the overall polymer. Recent advances in NMR methodology, particularly inverse detection techniques and two dimensional heteronuclear correlation spectroscopy, along with availability of cryogenic NMR probes, have facilitated structural analysis of lignin in isolated and whole cell wall states (in situ) [12, 44c, 46-48b] . Furthermore, the two dimensional heteronuclear single quantum coherence (2D 13 C-1 H HSQC) experiments using inverse detection methodology not only solved the problem of proton signals overlapping, but also have improved the signal to noise sensitivity by a factor of 31.6 [12] These developments have reduced the long acquisition times of previously used natural abundance 1D carbon detected NMR experiments in lignin characterization, making possible the acquisition of 2D 13 C-1 H HSQC spectra of adequate quality for most analysis, from whole cell walls in less than 20 minutes [48a] . [38a] used 2D NMR methodology to understand the effect of pretreatment on switchgrass lignin structure. 13 C NMR analysis of the ball milled lignin before and after dilute acid pretreatment suggested that guaiacyl and syringyl units were the main components of switchgrass lignin with limited amounts of p-hydroxyphenyl, which was also confirmed by 2D 13 C-1 H HSQC NMR experiments. The pretreatment caused the syringyl units to decrease by 10% while guaiacyl units increased by 7%, as reported by the quantitative 1D 13 C NMR studies. However, 2D 13 C-1 H HSQC correlation peaks did not find any difference between the inter unit linkages despite decreases in the syringyl units. Overall, ball milled lignin β-O-4 linkages decreased by 36% due to the sulfuric acid pretreatment. Bozell et al. [49a] also confirmed that acid pretreatment decreased the β-O-4 linkages.
2D NMR methodology has also been extensively used to elucidate the mechanism of lignin breakdown during biomass pretreatment [9] . Hage et al.
[39b] characterized milled wood lignin (MWL) and ethanol organosolv lignin (EOL) from Miscanthus using quantitative 13 C NMR and 31 P NMR to study the mechanism of lignin breakdown during organosolv pretreatment. Zeng et al. [31b] 206 Natural Product Communications Vol. 10 (1) 2015 Guragain et al. recently developed a new combinatorial approach for structural analysis of wheat straw lignin by correlating quantitative 1D 13 C NMR and 2D 13 C-1 H HSQC experimental results. In this technique, well dispersed NMR spectra of 2D 13 C-1 H HSQC serves as an internal standard to measure the integral values obtained from the quantitative 1D 13 C-NMR spectra. In this approach it is assumed that the level of aromatic and aliphatic resonance intensities for various lignin structures in 2D 13 C-1 H HSQC spectra and quantitative 1D 13 C NMR spectra are comparable and compatible with each other [21, 39b] . These studies also showed that the carbon and proton NMR resonances of various lignin inter-unit linkages significantly differ from each other. These authors showed that the chemical shift values (δ C /δ H ppm) of various inter-unit linkages in the 2D 13 C-1 H HSQC spectra obtained for wheat straw lignin significantly differ from each other ( Table 1 ). Furthermore the relative abundance of these inter-unit linkages was expressed as the quantitative number of each structure per aromatic ring by taking the integral value of the carbon chemical resonances at 102.0-160.0 ppm in the quantitative 1D 13 In 31 P NMR studies, both MWL and EOL samples were phosphitylated with 2-chloro-4,4,5,5-tetramethyl-1,2,3dioxaphospholane (TMDP) and analyzed by quantitative 31 P NMR, using cyclohexanol as an internal standard. Using TMDP, hydroxyl groups from aliphatic, phenolic and carboxylic acid groups are phosphorylated with NMR active 31 P nuclei [9] . Concentration of the hydroxyl functional group (mmol g -1 ) in the sample was calculated based on OH content of the internal standard and the integral peak area. The number of functional groups per C9 unit of lignin monomer was calculated taking elemental analysis data of the samples. These results indicated that phenolic carbon resonance (136.0 -144.0 ppm) intensity increased from 0.28 per C 9 in MWL to 0.50 per C 9 in EOL, indicating scission of β-O-4 linkages during organosolv pretreatment. Carboxylic acid resonance at 134.0 -135.7 ppm also increased from 0.02 to 0.04 per C 9 , indicating cleavage of some ester bonds. However, when OH groups from each type of monolignin unit were separately analyzed, phydroxyphenyl carbon resonance at 137.2 -138.1 ppm gave contrary results; that is, they remained almost equal in MWL and EOL. This showed that formation of p-hydroxyphenyl OH due to cleavage of β-O-4 bonds was compensated by hydrolysis of pcoumaryl ester residues. Additionally, aliphatic OH at 145.5 -150.0 ppm reduced from 0.67 to 0.19 per C 9 , probably due to acidcatalyzed elimination reaction. NMR data have also been used to quantify lignin composition (notably, the syringyl: guaiacyl: p-hydroxyphenyl ratio) in isolated as well as in situ forms from lignocellulosic materials. Thus NMR profiling has provided the best tool for the detailed structural study of lignin bioenergy crops [49c]. Chemometric analysis using 2D 13 C-1 H NMR finger print region of lignocellulosic samples has allowed a secondary screening for selecting biomass lines and for optimizing biomass processing and conversion efficiencies [48a] .
Isolation of lignin biomass for NMR analysis:
Isolation of native lignin from plant cell walls prior to NMR analysis is a crucial step for structural characterization of the lignin biomass, and in recent years there have been major advances in lignin biomass solvation for solution-state NMR studies [44c, 45] . Several isolation methods have been developed over the past decades; milled wood lignin (MWL) and cellulolytic enzyme lignin (CEL) are the most representing methods [12] . The lignin is extracted in aqueous dioxane (96%) from ball-milled wood using the MWL method, while cellulolytic enzymes are used to remove most of the carbohydrate polymers before extracting lignin with aqueous dioxane in CEL [50] . Wu and Argyrpoulos [51] proposed further improvement in the lignin isolation technique, which is called the enzymatic/acidolysis lignin (EAL) method. In this, the residual carbohydrate after cellulolytic enzyme treatment is removed by acidified dioxane. Recently, in-situ characterization of lignin became possible due to the new developments in high-resolution NMR instrumentation coupled with suitable gelling or dissolution solvents [12, 44c] . Lu and Ralph [52] have characterized the whole plant cell wall components without lignin fractionation/isolation using a solution-state 2D 13 C-1 H HSQC NMR methodology. They developed a two solvent system of dimethyl sulfoxide (DMSO) and either tetrabutylammonium fluoride (TBAF) or N-methylimidazole (NMI) to dissolve balled-milled plant cell walls, followed by acetylation using acetic anhydride making the sample fully soluble in NMR solvents like either chloroform or DMSO leading to intact lignin structure analysis. The dissolution process was later modified for characterization of the whole plant cell wall without derivatization (acetylation) using different solvent systems, such as deuterated DMSO and NMI (4:1, v/v) [53] , deuterated DMSO [48b] or deuterated DMSO and pyridine (4:1, v/v) [48a] ; these development in the solvent systems led to the determination of natural acylation in lignin. Now, it is possible to monitor in situ structural changes on different components of lignocellulosic biomass, including lignin, during pretreatment and hydrolysis stages of biomass processing for the production of fuels and chemicals by NMR spectroscopy [12] . Furthermore, analysis of the generated NMR data is currently aided by the availability of the NMR Database of Lignin and Cell Wall Model Compounds [44c, [54] [55] [56] [57] , which provides a cross platform unified source for the 1 H and 13 C chemical shift assignments of lignin model compounds.
Future out-looks:
Utilization of the lignin component of biomass has several daunting challenges as well as great opportunities for the commercial success of modern integrated biorefineries. Lignin is the major contributor to biomass recalcitrance, thereby resulting in higher costs for lignocellulosic biomass conversion to fuels and chemicals. At the same time, lignin is the most abundantly available resource to produce several high value specialty chemicals with pertinent aromatic skeletons. Globally, several studies are focused on the development of novel biomass deconstruction methods as well as valorization of the underutilized lignin stream. However, future efforts need to be dedicated to elucidate the complex structure and uncertain reactivity of the lignin polymer, and development of experimental techniques that would allow detailed and high-throughput analysis of lignin samples in the industrial setting. In our review, we have specifically highlighted the lignin structure characterization of important bioenergy feedstocks, which will provide the necessary theoretical framework for bioprocess engineers to design broad-spectrum biorefineries. 1D 13 C NMR and 2D 13 C-1 H HSQC NMR methodology is envisioned as one of the most potential approaches to achieve this goal due to the recent development in instrumentation, sample preparation and the compendium of structural information currently available for the characterization of lignin biomass. Therefore, these methods will be extensively applied by the researchers involved in biomass conversion to advanced fuels and chemicals in the future.
